Abstract
Introduction
Microring resonators (MRRs) is a very important device that is being developed nowadays because of their ability to support the creation of high density integrated circuits. Various applications of MRRs have been developed, such as wavelength filter [1] , multiplexing [2] , sensors [3] , modulation wave, [4] and biomedical [5] applications. For sensing application, there are many types of sensor that have been developed such as for Wireless Sensor Network (WSN) application [6, 7] . MRRs has several advantages that of interest to many researchers in this field, that are (1) its smaller and compact size, (2) can be integrated with other components (light source, detector, coupler, and many others), and (3) very easy to mass produced [8] .
For designing single and cascaded MRRs as well as other MRRs configurations, several numerical methods have been developed, such as transfer matrix method (TMM) [9] , finite-difference time-domain (FDTD) [10] , conformal transformation method [11] or modeling in terms of semi-analytic coupled-mode theory (CMT) [12] [13] [14] [15] , with each method has its advantages and disadvantages. The CMT in space and time domains is implemented usually in two space dimensions (2D) and rarely in 3D [16] . The FDTD method is the most popular simulation tool for that purpose, but due to its inherent weaknesses (stair casing error and numerical dispersion), other solutions are looked for. The 3D FDTD analysis of an add-drop filter configuration, described in the study of Fujii et al. [17] , illustrates high requirements in terms of computer resources.
On the other hand, TMM has shown results that are quite reliable for modeling optical micro-resonators and just takes minutes in the calculation [18] . TMM is a semi-numerical 821 method that has been widely known for solving problems of Mathematics and Physics, namely dividing the total system into N sub-systems, in which a sub-system only interacts with its neighbors. In the early 1970s, analytical method was developed by Yariv known as CMT (coupled mode theory) uses a matrix analytic energy-coupling [19] . Based on this work, it is possible now to formulate numerical solutions in order to simulate MRRs properties with much less computing cost compared to FDTD simulations described above with comparable accuracy.
In this study, we proposed a simple, easy-use and low cost software developed using a semi-numerical method, namely the transfer matrix method (TMM) to estimate the values of MRRs' properties, namely FSR and the Q-factor. The results are then verified by a FDTD's most popular commercial software CST Microwave Studio, using 3D electromagnetic simulator based on finite integration technique, which needs a high memory and processor of computer and takes days to execute the simulation.
Research Method 2.1. Device Model
MRRs device model used in this study, was based on SOI structure with high refractive index contrast and operating at 1550 nm of wavelength as schematically shown in Figure 1 which comprises of a ring waveguide closely coupled to double straight bus waveguides ( Figure  1(a) ) and the cross section of the waveguide structure is shown in Figure 1 (b). The bus waveguides serve as evanescent light input and output couplers, while the ring waveguide acts as the wavelength selective element. R depicts the ring radius, gap is the separation distance between straight and ring waveguide, W is the waveguide width and H is the total waveguide height. The fully etched waveguide structure is considered throughout this study. The crosssection of the MRRs device is 0.30 μm x 0.55 μm, on top of 1μm-thick buried oxide (BOX) layer. The cross-section of such waveguides was chosen to ensure single-mode propagation near 1550nm telecommunications wavelengths [20] . 
Calcution of MRR characteristics using CMT and TMM
Effective refractrive index, , can be derived using [19] :
Where β is propagation constant. By knowing β and the operating wavelength, λ, the value of can be obtained. The coupling coeffient can be calculated using In Figure 2 , it can be seen that the coupling length, , between the straight and ring waveguides, in which the input signal of straight wavelength is coupled with the ring wavelength. The amount of coupling is determined by the magnitude of the coupling coefficient, k. Therefore, the coupling length, , can be calculated using [21] :
Where λ is operating wavelength, and are effective refractive index for even and odd wavelength, respectively. And by using:
The value of coupling coefficient, , can be calculated. MRRs configuration can be formed by one or two straight waveguides and one or more than one ring waveguides. The input signal enters one end of a straight waveguide and goes forth at the other end. During its travel in a straight waveguide, most signal will be coupled and towards the ring waveguide. If there is more than one ring, the signal will be coupled again towards the next ring, or it could be coupled towards another straight waveguide. In Figure 3 , P is assumed to be a coupling matrix between the straight and ring waveguides or a coupling matrix between the two ring waveguides, while Q is a coupling matrix of signal propagation along the waveguide ring, then the transfer equation for MRR can be expressed in the following equation [19] :
Where κ is a normalized coupling coefficient and t is signal transmitted in the ring waveguide. Furthermore, the coupling matrix can be obtained using [19] : 
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And propagation matrix Q is [19, 20] :
Where R is ring radius, and β is propagation constant mentioned in Equation (3). Since FSR is defined as a distance of two adjacent peak intensity [19] , therefore:
Where L is a circumference of microring circle and c is speed of light in a medium that can be expressed as:
Where is speed of light in the vacuum. Based on Figure 4 and by using boundary condition of [19] :
Where α is absorption coefficient per unit length, accordingly the transmitance in the straight waveguide is [19] : Figure 4 . Light wave transmitted in the straight waveguide And the total power in the microring is [19] :
If ⁄ , then from equation (10), full width at half maximum (FWHM) can be obtained from:
And the Q-factor can be expressed as:
Results and Discussion
The software developed in this study can be used to study device performance such as frequency response, FSR, the Q-factor, finesse, and FWHM for single as well as cascaded MRR devices, was resulted in this study. The GUI page of the software can be seen in Figure 5 . All of the design parameters, such as ring radius, gap, width of waveguide, refractive indexes can be easily incorporated into the GUI preceded by choosing the MRR configuration. The results of the simulation, namely frequency response, FSR, the Q-factor, finesse, and FWHM will be soon shown in the GUI page. Figure 5 . The GUI page of software resulted in this study.
Single MRR
The simulations were done by varying ring radius and waveguide separation distance of 4-12 µm and 100-150 nm, respectively at incident wavelength of 1.55 µm. The other parameters are kept constant, including SiO 2 and Si refractive index of 1.5277 and 3.4777, respectively, SiO 2 and Si height of 1.0 and 0.55 µm, respectively and the waveguide width of 0.30 µm. The results were then verified by results of simulation using simulation method based on finite integration technique using 3D electromagnetic simulator, which needs a high memory and processor of computer and takes days to execute the simulation. The frequency performance for single microring for different values of ring radius and 100 nm of waveguide separation distance, is shown in Figure 6 . To compare our TMM simulation results, we calculate the frequency response using Finite Integration Technique (FIT) using 3D electromagnetic simulator with the same ring parameters and configurations. We use commercial software from Computer Simulation Technology AG named CST Studio Suite to perform 3D FIT simulation. From simulation using CST Studio Suite, we obtained FSR value at 15.40nm for ring radius 6 µm and 100 nm of separation distance. We can see that the smaller the radius of the ring, the greater the distance between two adjacent resonant peaks.
From our TMM simulation and CST simulation, the highest FSR obtained at the smallest ring radius, therefore the value of FSR is inversely proportional to the effective length microring, L (= 2πR). On the average, the difference between semi-numerical simulations with and CST simulations is 4.25%, as shown in Figure 7 . We may conclude that only small discrepancy between both simulations. 
Double and Triple Serially Cascaded MRR
The analysis was also done with double and triple serially cascaded microring for the same values of separation distance and ring radius, i.e: 0.1 µm and 6 µm, respectively. The device performance of the double and triple cascaded microrings are simulated and compared to a single microring and the results are interpreted in Figure 8 . Two resonant peaks occur at 1.5520 and 1.5663 giving FSR equal to 14.5 nm regardless the number of microrings order. To verify the results, we confirmed the simulations results with CST simulation. Furthermore, to study the performance of microring device, the Q-factor was estimated using semi-numerical simulation. Figure 9 shows the plots of Q-factor to separation distance in the range of 0.1 μm and 0.15 μm at constant ring radius of 6 μm. It is shown that greater Q-factor occurs at larger separation distance. The observable Q-factor difference in the separation distance of 0.1 μm and 0.15 μm is 375 and 610, respectively. Clearly, the gap size has a significant effect on the Q-factor, yet the FSR unaffected. Despite the low loss produced at the narrow gap, it is difficult to fabricate and fine etching is required. Furthermore, we found a mismatch in the Q-factor values for both simulations. The largest difference was found for the gap size of 120 nm with 20.5% difference. This again due to different in effective refractive index values where there is no straightforward way of calculating the effective refractive index, especially in bend waveguide. Thereby, approximations are considered in the MRR modeling. However, both results experienced the same trend, which the Q-factor raised as the separation gaps widens. The observable Q-factor difference across the separation gap of 0.12 μm is 10, which contribute to 2.6% in percentage, while the average of deviation is 10.80%, which can be considered relatively low.
Conclusion
The simple, easy-use and low-cost software for design of single and serial cascaded microring resonators (MRRs) using the semi-numerical method has been developed in this study. The software can be used to estimate the MRRs performance parameters, such as FSR and Q-factor in only few seconds using a standard laptop computer. The results of the simulation were then verified using simulation method based on finite integration technique using 3D electromagnetic simulator. In general, we found only small discrepancy, which in averages are about 4.25% and 10.80% for FSR and Q-factor, respectively.
